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TECHNICAL MEMORANDUM NO. 1049 



RESEARCHES ON PRELIMINARY CHEMICAL REACTIONS 



IN SPARK- IGNITION ENGINES* 



By E. Mtlhlner 



Chemical reactions can demonstrably occur in a fuel- 
air mixture compressed in the working cylinder of an Otto- 
cycle (spark ignition) int ernal-comhusti on engine even 
"before the charge is ignited lay the flame proceeding from 
the sparking plug. These are the so-called "preliminary 
reactions" ("pre-flame" comhustion or oxidation), and an 
exact knowledge of their char act eri s t i/c development is of 
great importance for a correct appreciation of the phe- 
nomena of engine-knock (detonation), and consequently for 
its avoidance. Such reactions can he studied either in a 
working engine cylinder or in a comhustion homh. The 
first method necessitates a complicated experimental tech- 
nique, while the second has the disadvantage of enabling 
only a single reaction to "bp studied at one time. Conse-r 
quently, a new series of experiments was inaugurated, con- 
ducted in a motored (externally-driven) experimental 
engine of mixture-compression type, without ignition, the 
resulting preliminary reactions heing detectable and meas- 
urable thermomet r i callj'' . 



Cent ent s 



I. Influence of Preliminary Heactions on EnginB-Knock 

(Det onat i on ) . 

II. The Experiments of Peletier and Associates. 

III. New Experiments on Preliminary Reactions in the Engine. 

(a) Guiding Lines for the Exper iment al -Inve s t igat i on . 

(b) Experimental Techniq_ue: 

1. Induction Pipe and Mixture Formation. 

2. Exhaust Pipe, 

*Luf tfahrtf orschung, vol, 19, no. 18, Aug. 20, 1942, pp. 
249-266. ■ R.T.P. Translation No, 1681. Issued by the 
Ministry of Aircraft Production. 
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I . Influence of Preliminary Reactions on Engine-Knock 



Reliable observations and theoretical analysis indi- 
cate that knocking (detonation) is produced in spark- 
ignition engines by the following causes 2):_ 

On combustion being initiated by the ignition spark, 
a flame wave traverses the combustion space from the 
sparking plug and successively ignites all portions of 
the combustible mixture in the charge. In normal combus- 
tion no pressure-differences are set up by the passage of 
the inflammation wave, and all parts of the charge behave 
exactly alike. 

In any case, the unburnt portions of the mixture- 
charge are compregped by the exTDansion of the burnt gases; 
but in the case of knocking combustion (detonation), 
these unburnt portions self-ignite before the flame has 
reached them. The effect of this spontaneous combustion 
on the unburnt charge is instantaneous, and pressure- 
relief cannot take place. The pressure equilibrium in 
the combustion space is consequently disturbed, and 
pr e s sure~equali zat i on can take place only through the 
medium of shock waves and gas oscillations; these are the 
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cause of the knocking noise, and loss of power o^bserved 
in the engine through the increased rate of heat, trans- 
mission [2] S). 

The occurrence of detonation in an engine therefore 
depends entirely on whether self-ignition of the unhurnt 

mixture takes place or not. This is controlled not only 
hy the working conditions of the engine influencing the 
gas-state conditions in the cylinder through the varia- 
tion in the rate of heat exchange, tut also and princi- 
pally, by the characteristic properties of the particular 
engine fuel. On the other hand, as indicated hy the phe- 
nomenon of ignition lag - or, in chemical parlance, the 
finite induction time of the reaction - self-ignition is 
not a simple process: it is initiated and preceded "by 
preliminary reactions ("pre-flame comhustion" ) during 
which the complex hydrocarbon molecules are resolved into 
more easily - oxldiza"ble simple radicals. Oxidation pro- 
ceeds "by chain reactions [3] and the branching of the re- 
action chains - i.e. an increase in the number of active 
particles participating in any partial reaction or link 
of the chain - can materially accelerate the speed of 
reaction. The chain reaction can be effected by the ad- 
dition of anti-knock substances (dopes), e.g. tetraethyl 
lead. In knock-resistant (non-detonating) engine fuels, 
the preliminary reactions do not develop to the extent 
necessary for the initiation of sel f -i gni t i on . 

According to 'this theory of engine-knock, the deter- 
mining factor is the development of preliminary reactions 
(oxidation) in the portions of the charge not yet reached 
by the ignition flame front. The study of these reac- 
tions in the combustion bomb or glass laboratory vessels 
is, however, attended by considerable difficulty, since 
they involve the production of a number of evanescent 
intermediates simultaneously present in the reacbive mass, 
and difficult to separate; even the reactions between 
simple radicals are surprisingly complex [4]. Researches 
on a working engine with standard engine fuels are even 
more difficult, since these are mixtures of many different 
hydrocarbons, while the working conditions in an engine 
are not so controllable as the conditions of "a laboratory 
experiment. In spite of this, the incentive to direct 
engine experiments is considerable, since direct and 
practically-useful results can be obtained by this means 
more quickly than by laboratory tests; in research on 
engine-knock in particular, application of evperimental 
laboratory results to conditions in the actual engine, is 
too greatly dependant on accidental factors and the spe- 
cific design and vrorking characteristics of the engine. 
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• Hesea,rch on preliminary reactions ty means of actual 
engine experiments has "been conducted "both with the help 
of controlled gas-sampling valves [5, 6, 7], etc, and by 
spectral analysis [6, 8]. Such experiments have shown 
that aldehydes and peroxides form in the unhurnt charge 
to some extent even during the compression stroke; while 
even the least addition of peroxides to the mixture pro- 
motes knocking. 

The drawing of gas samples from an engine combustion 
space is attended" by considerable difficulties of a mech- 
anical nature, and the resulting samples are not invari- 
ably satisfactory for the chemist. 

Broeze, van Driel, and Peletier [9] indicate an al- 
ternative method, which has already been put intp practi- 
cal use by Peletier; this consists of measuring 'the 
pressure-development and exhaust temperatures in a motored 
engine without ignition of the charge. 

II; The Experiments o f Peletier & Associates. 

In Peletier's experiments [10] continuing earlier 
work by Mondain -Monval [ll, 13], a C.I'.R. knock-testing 
engine was used, motore'd at 900 r.p.m. by a swinging-field 
brake. The engine was charged with a fuel-air mixture 
preheated to 150° C, which was drawn in, compressed, ex- 
panded, and exhausted without ignition. The cooling tem- 
perature was 125° C. The pressure development in the 
engine cylinder was recorded by an optical indicator. 
The driving (motoring) torque of the engine was also 
measured s 

The recorded diagrams show an extension of the ex- 
pansion line indicating a pressure rise caused by the 
energy transformation in the ' preliminary reactions. This 
pressure-rise grew, up to an 80^ .excess of fuel over the 
stoichiometric ( " t hp or e t i c al " ) mixture ratio, while at 
still higher mixture strengths the effect disappears. 
The driving toraue varied inversely with the mixture 
strength 3), attaining a minimum of 39 cmkg at a mixture- 
strength of 1.8 compared \^rith 73 cmkg when running on air 
alone, i.e. a reduction of 60^. At 900 r.p.m. this would 
correspond to a power-output of 0.54 h.p. from the pre- 
liminary reaction ("pre-flame combustion") alone, without 
ignition of the charge. Since the C.F.R. engine is capa- 
ble of developing 6 h.p., at this particular mixture 
strength about 9^ of the energy in the fuel is transformed 
in the preliminary reaction. 
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When the mixture strength was increased "beyond 1.8, 
the motoring torque did not, however, return to the value 
for operation on air alone. This was attrilJuted "by 
. Peletier to a change in the specific heat owing to the 
increased richness of the mixture. 

Preliminary reactions of sufficient intensity are 
usually accompanied -lay a faint, blue luminescence ("phos- 
phorescence") in the engine cylinder* 

These tests -proved the existence of chemical action 

In the unhurnt portion of the cylinder charge even prior 
to the passage of the spark, capahl-e of assuming quite 
considerable -proportions . Simultaneously, the "time-lag" 
of the process? - -i^e. the period from the initiation of 
the first reactions to complete inflammation of the 
charge - was found to correspond approximately to the 
total time available for combustion in the engine cylin- 
der. The preliminary reactions can therefore be inter- 
rupted by the following expansion stroke, owing to the 
temperature dr.op in expansion, and the reaction products 
maintained in the state existing at that inst.ant. Proof 
of this is afforded by the observation that the resultant 
pressure rise in the cylinder takes place already during 
the expansion stroke 4), - although the preliminary reac- 
tions are actually s.tarted by the adiabatio" temperature 
rise during the compression stroke, i.e. at the latest at 
top dead-centre. 

Subsequent experiments by Peletier indicated an in- 
fluence exerted by the compression ratio; a.s could be 
anticipated, the extension of the indicator diagram rep- 
resenting the effect of the preliminary reactions, in- 
creases with the compression ratio; at the same time the 
hump in the expansion line is found nearer top dead-centre 

Since these tests were made with a standard fuel con- 
.taining 7C^ iso-octane and 30^ n - heptane, further ex — 
periments were made to determine the influence of fuel 
composition (characteristics). Increasing the proportion 
of iso-octane produced a continuous decrease in the 
pressure-gain along t>e expansion line of the indicator 
diagram; showing that, as might be expected the develop- 
ment of the preliminary reactions is restrained by an in- 
crease in the octane rating of the fuel. Tetra-ethyl 
lead likewise retards the preliminary reactions. 
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Ko luminescence was oId served in the exhaust pipe, 
but the penetrating characteristic odour of the exhaust 
was unmi stakahle ; the exhaust pipe "became coated inter- 
nally with an oily, viscous, brown depo^sit. 

In a further experimental series Peletier used an 
air-cooled, tv;o-stroke engine of 150 ccm,, with electric 
heating elements fitted between the cooling fins. The 
compression ratio had a value of 6, and the change was 
preheated to 150° C. The curve of exhaust temperature 
against cylinder temperature had an irregular slope, 
whereas for a gaseous charge without chemical reactions, 
the corresponding curve is a straight line or of uniform 
curvature,- thus again demonstrating the occurrence of 
chemical reactions in the mixture, accompanied by lumi- 
nescence at exhaust temperatures between 240 and 250° 0, 
and again above 490° C. 

The discharged mixture was chemically analysed, and 
the condensate found to consist of two separable com- 
ponents: one consisting principally of unmodified fuel 
with only a very small percentage of peroxides; the other 
water-soluble with about 5^ by weight of peroxides. Since 
the water-soluble component constitutes about 10^ of the 
total quantity of fuel in the mixture, the peroxides must 
form about 0.5% by weight of the latter. 



III. Hew Sxperimpnts on Preliminary Reactions in the Engine 



( a ) G-uiding Lines for the Experimental Investigation , 

The experiments of Peletier and associates revived 
interest in the simple and effective method of investiga- 
tion used by them. Although preliminary reactions of 
this type take place in any hot engine drawing-in mixture 
with the ignition cut off - as frequently occurs in motor 
vehicles negotiating steep gradients - and would be capa- 
ble of detection and investigation in the indicator dia- 
grams, by chemical examination of the exhaust gases, or, 
most simply, by measuring the temperatures in the exhaust 
pipe,- practical exneriments have hitherto been almost 
exclusively carried out, either in the Ic-boratory or on 
special knock-testing engines^ Whi'Je ia "Ja'^^ratory ex- 
periments exact reproduction of acoual wcrking conditions 
is difficult, knock tests in the special engine involsre 
limiting the mixture rabio within values assuring prapex 
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ignition of the charge. But, as particularly demonstrated 
hy. the present series of test s , preliminary reactions are 
possihle at mixture ratios far removed from the stoichio- 
metric/proportions ; congeauently examination of a wider 
range of mixtures would open up an entirely new and inter- 
esting field of research. The possihility of widely- 
varying mixture compositions and ratios, however, exists 
only if the normal process of ignition and inflammation 
in the engilie cylinder is eliminated. 

Peletier and his associates only dealt with a few 

experimental values out of the many possilJle mixture 
ratios; while the -influence of this factor was duly in- 
vestigated, their researches covered only the qualitative 
evaluation of the indicator diagram for a single mixture 
ratio. With one exception, their experimental fuels were 
simple mixtures of iso-octane and n - heptane. 

Accordingly, the Engine Research Laboratory of the 
Hermann Goering Institute for Aeronautical Repearch, at 
the instance of E . Schmidt , conducted a series of experi- 
ments linking up with those of Peletier, "but examining 
the whole question in greater detail, with the ohject of 
elucidating the connection "between the preliminary reac- 
tions and fuel type, mixture ratio, engine speed, degree 
of compression, engine temperature and induction tempera- 
ture, over a wide range of values. 

The measure of the intensity of the preliminary reac- 
tions was assumed to "be the measured tem"Derature rise in 
the charge, which is simultaneously the principal variable 
factor in engine-knock. In order to eliminate the in-flu- 
ence of variable engine friction or other insufficiently 
determinable variables, each test with fuel-air mixture 
Was preceded by a reference test on pure air alone, and 
the temperature rise in the mixture charge, measured from 
the exhaust temperature of the pure-air charge; the induc- 
tion temperatures for fuel-air mixture and pure air being 
the same. Indicator diagrams were taken of some of these 
reference tests. 

(b ) Experimental Technique 

These experiments were made with the special fuel- 
testing engine [14], designed by the Research Laboratory 
for Motor Vehicles and Engines of the Stuttgart Technical 
College for Diesel fuel tests by the ignition lag method 
[13]. This engine has a widely-adjustable compression 
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ratio between 4.5 and 25; the cylinder and cylinder head 
are provided v;ith a total of 4 boreholes, capable of ac- 
commodating quartz pierometer indicators, thermo-couples, 
quartz inspection windows, or other instruments. The 
engine and a swinging-field brake are mounted with all 
accessory equipment such as the lubricating and cooling 
systems, "braking resistances, fuel tank=: and gauges, on 
a common bedplate. The particulars of the engine are as 
f oil ows ; 



Bore 
Stroke 

Swept Volume 
Compression Hatio 
Sunning Speed 
Valve Timing 



101 mm. 
130 mm. 
1041 com. 
variable 
up to 2500 
variable . 



r . p . m , 



The standard valve timing used in the experiments was 



Exhaust opens 
" closes 

Intake opens 
" closes 



47° before L.D.C. 

7° after T.D.C. 

7° before T.D . C. 
47° after L.D.C. 



The intake and eTchaust cams are of identical profile. 

Carburettor : SUM .carburettor with adjustable nozzles 

Swinging-field brake ! S i emen s -Schucke rt Werke, type 
A.G-.87. Separate excitation : 220 volts; armature test 
voltage ; 400 volts; lever arm of the toraue balance ! 
716.2 cm. 

Lubricating oil : Aeroshell Medium 

" " pressure s 2,4 at. gauge. 

The quantity of lubricating oil in circulation was 
maintained constant at 6 litres during the tests. 

The cylinder head and combustion space are shown in 
Tig. 1; they are of cast-iron, with internal cooling pas- 
sages. The piston is a light-alloy forging with a flat 
top. Excluding certain shallow recesses, the combustion 
space has the general form of a flat cylinder. Intake 
and exhaust valves are identical; the valve ports have 
the usual form of a 90° elbow. 
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The engine v;as adapted for the present geries of 
tests "by careful alteration and adjustment of the induc- 
tion and exhaust pipes, and the provision of suitalsle ther- 
mometers therein. The complete experimental installation 
is shown diagrammatically in Fig. 2. 

1 . Induction Pipe and Mixture Formation 

The induction air enters at "A" from ducts under 

the lahoratory floor, at a very uniform temperature, meas- 
ured hy the thermometer "B " , and passes through the induc- 
tion-air meter "0" working on the principle of a Roots 
hlower, to the regulating chamher "D" of 0.1 m*^ . From 
here the induction air proceeds along a pipe 65 mm, internal 
diameter and 700 mm, long surrounded hy a 3 KW electric 
heater "E" connected to the lahoratory electric supply, 
and a second heater "F" controlled hy rheostat, to the 
carhurettor "G". This is a SUM unit with adjustahle noz- 
zles; the sleeve type throttle is usually kept fully-open. 
Behind the carhurettor the induction pipe has two 90 
hends in which fuel droplets carried over with the mix- 
ture flow can he precipitated and prevented from influ- 
encing the thermometer "H" placed 850 mm. hehind the car- 
hurettor. The induction pipe is thoroughly insulated he- 
"tween the carhurettor and the engine, hy aluminium foil 
and ashestos. 

The intake and exhaust temperatures of the cylin'der 
charge were measured hy ordinary thermometers graduated 
to -3°, which were found hy calihration to he entirely ac- 
curate within the standard reading error. Care was taken 
that the measuring point should project little heyond the 
pipe insulation, to eliminate correction for stem exposure 
the readings are, furthermore, used only to determine the 
temperature gradient or difference.' 

To enahle the readings of the intake and exhaust ther- 
mometers to he properly averaged for time and pipe-section, 
and to suppress the influence of heat-radiation, these 
thermometers were placed in finned cups (prohes) "J, K," 
Fig. 3, of light all')y insulated hy fihre plugs and an air 
gap. Since the pipe was als« insulated from the atmosphere 
and the cylindc-r head (which actually, however, had the 
same temperature as the pipe), its temperature was usually 
the same as the temperature of the mixture; the accuracy 
of the temperature-measurement may therefore he considered 
as within the limits of the reading error: i.e. ±0.2°. 
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A second glass thermometer "L" was inserted naked in 
the pipe 60 mm. in front .of 'the finned thermometer cup 
"J" for quicker regulation of the correct intake tempera- 
ture owing to the quicker response of this instrument to 
sudden temperature variations. 

The induction pipe includes a length of elastic Buna 
tuhing to compensate for the vertical displacement of the 
engine cylinder at varying compression ratio. This elastic 
section survived the whole series of tests (about 625 run- 
ning hours at 140° 0 and over). 

2. Exhaust Pipe 

The exhaust pipe is of the same internal diameter 
(65 mm.) as the induction pipe, and. similarly insulated 
over a length of 900 mm. The exhaust thermometer "M" is 
of the same type as the intake thermometer, and placed 
in a similar finned cup "K". A hranch from the exhaust 
pipe carries a test-cock "0" for sampling the eifhausted 
mixture. The exhaust pipe al=:o includes an elastic sec- 
tion for compensating the vertical displacement of the 
engine cylinder caused "by variahle compression ratio, and 
terminates in an outlet pipe "P" of 200 mm. diam-eter, 
through which air is' drawn hy the evhaust fan "Q,". By 
this means the exhaust is diluted with a suf-ficient vol- 
ume of air and cooled down to ahout 30° G, preventing any 
accumulation of a large volume of hot gases in the pipe, 
capable of easy ignition owing to the high proportion of 
simple radicals produced "by the preliminary reactions in 
the engine cylinder. ■ A further purpose of the exhauster 
was to produce a slight under-pr e s sur e in the e-^'haust 
pipe 5 since resistance causes an under-pres sure of ahout 
180 mm. water in the induction pipe, it was thought ad- 
visable to equalize th'e pressures in the two pipes as far 
as possible, in order to avoid any disturbance of the 
scavenging. However, to attain this purpose completely, 
the exhauster would have had to run at varying speed; in 
the actual case, attaining an under-pr essure of 320 mm, 
water only with considerable throttling, the blower was 
inadequate for this purpose, but reference tests showed 
that with the existing very small valve overlap of only 
2x7° crank angle, the influence of a slight pressure 
difference betvreen the induction and exhaust pipes was 
negligible. Cons eauently , the complication of the experi- 
mental arrangement by the introduction of this pressure- 
regulating device was abandoned.. The pressures in the 
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induction and exhaust pipes were measured "by the U-tube 
jtf.ater gauges "E" and "S". 

Ho attempt was made to maintain a constant pressure 
in the induction pipe thrcmghout the experiments; although 
in fact the induction pressure at the "beginning of the 
compression stroke can materially influence the develop- 
.ment of the preliminary reactions in the cylinder, as 
shown during these tests. The outside harometrio pres- 
sure and any slight variation of the induction pressure 
with development of the preliminary reactions, consequent- 
ly do, in fact, influence the experimental results to some 
extent. However, since the preliminary reactions are far 
more consideralily affected "by induction temperature and 
compression ratio, the effect of varia'ble induction pres- 
sure will he of no practical importance. 

3 . Fuel Supply, Luhricating and Cooling Arrangements 

The fuel consumption was measured a? usual hy means 
of a calihrated glass vessel, i.e. "by volume. Since for 
economy of space this container had to "be placed immedi- 
ately over the hot engine, the temperature of the intaken 
fuel varied from 25-35° C. A thermometer "T" was placed 
in the side of the container, and the fuel weight consumed, 
calculated "by reference to the specific gravity corre- 
sponding to the measured temperature. The mass-density 
of the fuel was measured "by hydrometer. 

The lu'bricating oil - Aeroshell medium - was cooled 
"by a fresh-water circulating coil in the engine crankcase. 
The luhricat ing~oil pressure was maintained constant at 
2.4 at. gauge, and the oil temperature, as measured "by 
di stant -reading mercury thermometer, maintained at 75° C. 
It may he assumed that the influence of these factors on 
the experimental values is very slight, since the fuel- 
air mixture can only come in contact with lu"bricant in 
the form of droplets adhering to the cylinder wall and 
head, which will have the same temperature as these masses. 
A constant lu"bricating oil temperature is of importance, 
however, with regard to its effect on the engine torque. 

The coolant was ordinary, commercial ethylene glycol, 
since water-cooling would not have permitted of the tem- 
peratures necessary for preliminary reactions to develop. 

The coolant was circulated "by means of a small centrifugal 
pump "W" driven "by a separate electro-motor. The required 
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temperature of the caolant, and thus of the entire engine, 
was maintained by means of a fairly powerful electric 
heater "X" of 2 KW capacity, increased to 6 Ktf when heat- 
ing up. The heating element was formed "by first lagging 
the coolant pipes with asbestos hoard, on which a chrome- 
nickel repistance wire was wound, followed by aluminium 
foil with a spacing layer of loosely-spun as-bestop cord. 
This type of ins,ulation proved entirely satisfactory. 

The temperatures at the coolant inlet and discharge 
were recorded by standard thermometers ''Y " graduated to 
l/lO° C. The readings were practically constant v'ithin 
0.2° G, and the cylinder and cy-linder-head temperatures 
may therefore be assumed sufficiently constant. The rate 
of flow of. the glycol in circulation was. about 0.3 kg/sec. 

4 . Motoring Mechanism 

The swinging-field brake "V" uped only to start-up 
the engine, had to be operated at an increased armature 
tension of 400 volts, since the external excitation of 
220. volts was insufficient for high running speed. Two 
d. - G, generators in series were consequently used, and 
the armature voltage maintained constant by regulating 
the field excitation of the second generator: the current 
take-off by the brake armature was thus proportional to 
the engine torque. 

The actual toraue was .jneapurpd by adjustable balance 
weights. Since the running speed was maintained at 1800 
r.p.m. throughout the experiments, no allowance required 
to be made for the pov/er-c onsumpti on of the exhauster fan, 
the toraue measurements .being only comparative, and. in- 
tended to furnish relative values. 

5 . Working Conditions and Notation 

The experiments were designed to be run under unvary- 
ing vrorking conditions as far as possible, and consequent- 
ly the following constant values vere maintained during 
all the teats .* - 

Lubricating oil temperature = 75° C 



Coolant rate of flow 
Brake armature voltage 
Valve timing 



pres sure 



2,4 at gauge 
abt . 0.2 kg/ sec . 
400 

See Chap. II. b. 



NACA Technical Memorandum !To, 1049 



13 



Since the majority of the tests were aimed at dis- 
^c^vering the relationship "between preliminary reactions, 
fuel-type, and mixture ratio, the following values and 
conditions were also maintained constant: 

Engine speed - 1800 r.p.m. 

Intake temperature 

of air and mixture - 140° C 

Coolant temperature - 140° 0 
Under-pr e s sur e in 
induction and exhaust 
pipe: Induction throttle fully 

open Sxhaustor fan running 
at constant speed. 

The following notation was used for evaluating re- 
sults and plotting curve? :- 

Total SweT)t Volume 

c = compression ratio 



Combustion space volume 

€.^jJ = compression ratio corrected for valve lag past dead- 
centre . 

Ae = G - 

Md (Kg) = Torque of the motored engine in terms of the 
weight on the lever arm of the "brake. 

AMd (Kg) = Torque decrement caused hy the preliminary 
reacti ons . 

n (r.p.m.) = Engine running speed 

tj^g^ (°C) = air exhaust temperature 

Le 



t,^ (°C) = " intake 



tQ.g^ (°0) = mixture exhaust " 
*Ge " intake " 

^*GL ~ *&a ~ *la ~ Temperature difference due ti 

preliminary reactions. 

tjj (°0) = coolant temperature 
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G>g (Kg/sec) = fuel weight consumed 
Grj^ (Kg/sec) = air weight consumed 
m (Kg/Kg) = mixture ratio = Gl/Gj 

m^j^ (Kg/Kg) = stoichiometric ("theoretical") mixture ratio 
^ = excess air coefficient = G-j^/G^ l/m^j^ 
P = mixture strength 

t^ (°C) = compression end temperature 
X (mm) = piston travel 

^ein ^^''^'^ ^2 ~ difference of induction pressure to 

atmosphere 
OZ = octane numher (rated) 

t ("O = any continuously varying. t emperature 
p (Kg/cm ) = " " " pressure 

(c) Ex ecu ti on of th e Experiments 

The range of occurrence of ti:erir.oraet r i cally meas- 
urahle preliminary reactions v/as delimited hy initial 
tests, in which the most suitable standard working condi- 
tions were likewise determined, as given ahove. 

A reference te^t on a pure-air charge was run "before 
starting any test series, a^; soon as the engine had heen 
run-in and temperature eauilitrium established. It was 
found that at 1800 r.p.m. , 140° C induction air and cool- 
ant temperature, and a compression ratio of 6, the tem- 
perature of the exhausted air was ^ ~ 145° C, The 

exact value varied somewhat from day to day, probably 
owing to some slight irregularity in the running of the 
engine, and consequently had to be measured afresh on 
each occasion. At the beginning of the tests it was much 
lower-approx. t-^^ = 137° 0. The probable cause of the 

variation was an impairment of the heat transmission be- 
tween the piston and the cylinder wall with progressive 
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wear of the piston and rings, causing the p i s t on- t emper a- 
ture to use; although measurements showed the piston- 
w-ear to amount only to l/lOO mm, reduction in dia^meter 
after 250 running hours. 

The steady state only hecame established after the 
lapse of a certain time: usually 2 hours elapsed "between 
first v/arming up and the first measurement on pure air. 
Each series of tests for any given running condition 
usually took ahout 45 mins. to complete. 

After the exhaust temperature of the pure air charge 
had heen determined, a progressively - increasing fuel 
charge was supplied, hy opening the carburettor nozzles, 
the induction temperature being still maintained at 
^Q^Q = 140°. Owing to the initiation of. preliminary reac- 
tions, the erhaust temperature now began to rise. The 
temperature difference was found by a separate test to be 

■''gL " *Ga " ^La 

In the curves accompanying this paper, the temperature 
difference is usually plotted against the mixture ratio. 

The "excess air coefficient" A wa-s not used: be- 
sides being an inappropriate term [15], 'an "e-»-cess" of 
air is inapplicable by definition, where no combustion 
actually takes "olace. The process adopted in varying the 
running conditions being to add a continually-increasing 
volume of fuel to an approximately-constant volume of air 
the value of the "mixture strength", defined as: 

P = G^'^'th 

was found to be a more convenient factor; this increases 
with the proportion of fuel in the mixture, and for a 
stoichiometric ("theoretical") mixture has a value of 
unity. In the general case: 

P = 1/A 

The minimum oxygen content, i.e. the s t o i chi ome t r i - 
cally correct ratio for air, m^^^, was determined analyt- 
ically from the proportion of alcohols, defines. 
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aromatlcs and dope in the fuel. The aromatic component 
was assumed to conpipt of iDenzole, as the most likely 
case. The stoichiometric ratio for the residual fuel 
(paraffins, defines, etc., deducting aromatics and alco- 
hols) ,was taken as: = 15.0 kg. air/kg. fuel, - fol- 
lowing "H-atte" 26. Ed. Vol. I, p. S75 for ""Benzin". It 
will hB recollected that the molecular weight has little 
influence on the value of the stoichiometric ratio, and 
the ahove assumption is therefore permissihle. The mix- 
ture ratio for a fuel will then depend on its aromatic 
and alcohol content as found "by chemical analysis. 

The results of these investigations are summarized 
in Table 1. In this, (-) indicates that the particular 
value has not "been determined, (0) that the component is 
aT3sent in the fuel. The values for I.-G. standard refer- 
ence spirit ivrere furnished "by the I.-G. Fart enindus t r i e 
thems-elves, who also kindly undertook the determination 
of the true octane value of some of the fuels indicated 
in the tahle "by the column: ""by I.-G, standard engine", 
and partially differing from the "nominal octane rating" 
or commercial octane value. 

The compression ratio, which in the present curves 
is' usually a parameter, is defined in the customary way 
as the ratio of the cylinder volumes at the tv;o dead 
centres. Actually, of course, no compression takes place 
during the first part of the piston stroke sinqe the inlet 
valve opens only at 47° crank angle after L.D.O. To he 
strictly correct, the compression ratio should' therefore 
he reduced hy a little more than 0.5 for values around 6, 
with the selected valve timing; "but no notice has heen 
taken of this in the present tests. In thermodynamical 
calculations, however, this adjustment to the true com- 
pression ratio should not "he forgotten, and the value e^^ 
used. Table 2 compares the compression ratio as conven- 
tionally stated, with the corrected true value for an 
exhaust-valve closing at 47° past L.D.C. 

When the exhaust temperature" rose above 200-210° C 
by the effect of preliminary reactions in the charge, 
more or less heavy knocking (detonation) took place; 
usually starting in the exhaust pipe, but developing into 
the cylinder space with increased temperature of the mix- 
ture (whether due to the application of heat or increas- 
ing the compression ratio). In the exhaust pipe, detona- 
tion took the form of harmless explosions, but in the cyl- 
inder space it developed to a considerable extent, and 
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assumed the character of true engine knocking; although 
vti.th the essential difference that the latter- is caused 
hy spontaneous comhustion of the unburnt portion of the 
charge, while in the actual case of a motoring engine, 
practically the entire cylinder charge fired- simultane- 
ously. 

Tests had to be interrupted when detonation set in, 
whether in the exhaust pipe or in the cylinder, since the 
generated heat raised the temperature of the exhaust pipe 
and the whole engine, and thus promoted spontaneous com- 
hustion of the following charges. 

Even cutting off the fuel supply was of no effect, 
since the engine had to consume the fuel contained in the 
carhurettor float chamber. Usually, the detonation in 
the cylinder increased considerably, and the engine com- 
menced to run under pov/er , with heavy knocking. The only 
effective remedy was usually, to motor the engine at a 
faster speed; an increase of 200 r.p.m. immediately sup- 
pressed self-ignition of the charge, indicating that it 
is caused by the same explosive reaction as detonation, 
since the latter can also be checked by increasing the 
engine speed, provided any increase in the engine load, 
and thus in the temperature, can be avoided. 

Occasionally the engine ran under its own power, 
with the motoring drive cut out, without any knocking, 
entirely by the energy of the preliminary reactions. 

No luminescence in the cylinder was observed through 
the quartz window provided Very weak luminescence, 

it is ture, might have been present as Peletier's experi- 
ments led one to expect - but was not observed since the 
quartz window very rapidly became dimmed by oil. On the 
other hand, insertion of the quartz window only after 
steady running had been established, would have entailed 
stopping the engine, with the loss of half an hour's time 
on re-starting and restoring steady-state conditions - 
by which time the quartz window would have oiled up again 
Since the purpose of the tests was a quantitative analysi 
of the whole process, this individual development was not 
prosecuted. 

To eliminate any possible effect of a difference in 
pressure between intake and exhaust pipes, the amount of 
valve lead was restricted to 2 x 7° crank angle; while to 
determine the effect of increased back-pressure in the 
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exhaust-pipe oft exhaust temperature, the exhaust was 
slightly throttled in the pipe: the resulting tempera- 
ture development agreed well with the temperature curve 
at normal exhaust pressure. The preliminary reactions 
will therefore not he materially affected "by changes in 
the scavenging conditions. 

Preliminary reactions may also he assumed induced "by 
the heating of the mixture to intake temperature, and not 
solely by the heat developed in compression of the charge. 
Considering that the mixture takes a longer time to pass 
from the intake to the exhaust thermometer, than is avail- 
able in the compression stroke alone, transformation of 
energy with the consequent temperature rise> can in fact 
take place without compression. This development would 
correspond approximately to Peletier's results (quartz- 
tuhe experiments [10] ) or Kondain-Monval ' s preliminary 
tests [11], [12], which established the presence of reac- 
tions in the hot exhaust pipe of an overheated motor-car 
engine, although not usually in immediate proximity to 
the engine cylinder. In order to investigate this possi- 
bility, two cams of special shape were fitted, operating 
the valves at every revolution of the crank-shaft instead 
of every other, so that the engine worked in the manner 
of a plunger pump, ITo temperature difference was observed, 
whether running on mixture or on air. Apparently, there- 
fore., the preliminary reactions are not induced by heat- 
ing the intaken mixture to 140° C, either in the induction 
pipe or in the cylinder, even allowing for the relatively 
longer time the charge remains in the latter. 

(d ) Accuracy of Measurement 

The endeavour to secure complete accuracy of measure- 
ment was restricted by the almost always indefinite and 
indefinable working: conditions in the engine. Admittedly, 
in some cases the divergence between identical measure- 
ments in successive tests', is impossible to explain with 
any certainty;' particularly the exhaust t emperatur e«? when 
running on pure air, which varied considerably from day 
to day, and increasingly with the progress of the tests. 
However, this temperature is obviously influenced by all 
the working conditions in the engine, and the maintenance 
of constant conditions, not only during a single test 
series, but throughout a lengthy experimental programme, 
is well-nigh impossible. The error can be compensated, 
however, by measuring the exhaust temperature separately 
in each test; The same inaccuracy is found in recording 
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successive torque measurements ove.r any con^ideralale peri- 
od__ of time. It is fortunately possible, heweve-r, fo attain 

greater accuracy' in the "case of the temperature difference 
AtQ.^, and the difference in torque running on mixture and 

on pure air. Unconirollahle errors are therefore largely 
eliminated in the determination of differential values, 
The induction air and mixture temperatures could "be meas- 
ured within ±0,2° 0, and plotted accordingly. Ml other 
measured values were accurate within sufficient limits to 
avoid influencing the development of the preliminary reac- 
tions. 

The attainable accuracy of measurement was conse- 
quently as follows 



1. Healing error of thp> intake and 

exhaust temperatures in the 

individual test - ±0,3° C 

2. Consequent possible variation 

in AtQ.^ for the individual 

test - 0.4° C 

3. Possible variation of Atg^-]^ over 

a series of tests, affecting 
the apparent error of the plot- 
ted curve - 0-6 - 0.8° C 



In particular cases the error wa^; greater, but the 
reason was always detectable. If the resulting profile 
wap a fair curve, however, the test was not always re- 
peated, 

4. Possible error of AtQ.j^ over a 

series of tests from irregular 

running of the engine - 1 - 2 C 

Accuracy suffered incr pa s injrly with increasing dura- 
tion of the exper inient al programme-, pr&bably, changes in 
the fuel composition during storage, are responsible, I3^ 
general, all experimental values were found accurate with- 
in not more than 2°, frequently, indeed, within 1° 0. 



5, Accuracy of the calculated mixture 

strength - ±1/2° 
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6. Accuracy of torque - measurement - ±0.02 kg. 

(in terms of the weight on the 
lever arm). 

7. The attainable accuracy of the plotted 

torque was only - *0,1 kg, pro'baTsly 
owing to fluctuations in the state of 
the lubricant. This does not, however, 
materially influence the other experi- 
mental values, 

Generally speaking, the accuracy of the plotted 
curves is remarkahle. Even the slope of the curves from 
the maximum at high compression ratios to nearly zero, 
was accurate in hoth directions, and unifo^rm in result; 
the accuracy was greatest in the ascending "branch, where 
the experimental points could "be easily and correctly 
spotted. 

(e) Experimental Results 

1 . Maximum Compression Temperature 

The results are plotted in Figs. 5-17. For con- 
venient estimation of the maximum engine temperature at 
any point on the curve, a separate diagram is given in 
Fig. 4, showing maximum temperatures at T.D.C. for any 
compression ratio (on the assumption of adiahatic 

compression) and mixture ratio. These curves are calcu- 
lated for octane, as the standard reference fuel in these 
tests, disregarding heat losses and using the specific 
heat ratios determined "by G- . DamkOhler [I'S] for a tem- 
perature of 500° C, which are summarized in Table 3 for 
different mixture strengths. 

The experimental curves show very considerable varia- 
tion of compression end-pressure with mixture ratio. 
Owing to neglect of the heat losses, the true maximum 
temperatures in the cylinder will be higher than those 
s t at ed . 

2. Behaviour of Typical Aviation Fuels. 



A typical development of the preliminary reactions 
was shown in the tests by Fuel No. 3 ) , a commercial 
grade of leaded aviation spirit rated 87-octane; see Fig, 
5 8). Fig. 6 shows the same curves in extended represen- 
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*at?-0^> allowing the distrihution of the experimental 
spots over the individual curves to Td e recognized. The 
scale of the ordinates commences for all curves at the 
zero point. 

With increasing mixture strength P. the curves of 
the .temperature difference ^^q-L hecome steeper from the 

effect of the preliminary reactions, rising to a maximum 
"before falling again, the steepness increasing with the 
compression ratio, and indicating almost instantaneous 
interruption of the preliminary reactions thereafter. 

The experimental spots for maximvim and disappearing 

preliminary reaction, however, are found to he displaced 
along the axis of the aliscissae. Int ermediate ^spots 
could not he plotted, -since with increasing volume the 
flow through the cylinder 'becomes affected hy the pre- 
liminary reactions: c on s e ou ent ly , as soon as the steady 
state is attained, either the upper point is displaced 
to the left or the lower point to the right of the dis- 
continuity in tne curve. 

The peak of the reaction moves with increasing com- 
pression ratio, towards a higher mixture fstrength, i.e. 
a richer mixture. Furthermore, in agreement with corre- 
sponding tests on other fupls, the ascending tranches of 
the curves tend to "undercut" the curve helow; in this 
region, therefor?, the preliminary reactions decrease 
with increasing compression ratio, i.e. higher tempera- 
ture . 

The curves do not return to zero value at very high 
mixture ratios; whether this is due to reactions "f a 
particular nature, or to a change in the conditions of 
heat transfer for the mixture or the pure-air charge, is 
as yet undecided. 

The practically-useful compression ratio was re- 
stricted hy the occurrence of spontaneous ignition. In 
the actual case, a complete curve could he plotted for 
e = 7.5, hut no longer for e = 8, since detonation took 
place as soon as the exhaust temperature rose ahove ahout 
300° C, corresponding to a value of ^^CrL °^ ahout 60° C; 

with increasing compression ratio, detonation takes place 
in even weaker mixture and a,t lower evhaust temperatures, 
although the general profile of the curve was the same. 
The curve for e = 8.5 could therefore he plotted only 
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down to p = 1,0. - This displacement of the detonation 
limit was found in all fuels tested. 

These curves show that the stoichiometric ("theoret- 
ical " ) mixture ratio is immaterial for the development of 
the preliminary reactions; as was to "be expected, since 
the stoichiometric ratio aims at complete comhustion, 
while in the actual case an excess of oxygen was always 
present, even in richer mixtures. Experiments such as 
Peletier's [lO], made with a constant or stoichiometric 
mixture ratio, are thus incapable of fully disclosing the 
conditions in the engine cylinder. 

To illustratp the c on s i d e rah 1 e change in thp curve 
profile with varying mixture ratio, Fig. 5 was replotted 
in Fig. 7. This form of representation plainly shows 
that the individual results for any particular mixture 
ratio can "be applied to the general case only with the 
greatest caution, and may not even he characteristic of 
the particular working substance; although this will prob- 
ably apply in a lesser degree to self -ignition tests such 
as carried out by Jost and Te i chmann [l6, 17], 

Tests with other fuels show that the position of the 
peak is decisively affected also by the type of fuel used. 
The break in the curve, observed in the case of Fuel No, 3 
(Figs. 5 and 5) only with a rich mixture, occurs in the 
case of Fuel No, 10 (Fig. 13) already at a mixture strength 
of P = 1.0. It is interesting to recall that an Otto-cycle 
engine attains only a mixture strength of round about 
3 = 1,0 in operation, Sngine-knock therefore consists of 
spontaneous ignition of a charge for which the conditions 
of reaction - in the sense of Fig. 5 - are to the right or 
left of -the observed peak value. 

Inspection of the re<5ult= obtained with other fuels 
indicates that, as could be e'x-pected, the development of 
the preliminary reactions is intimately connected with 
the octane rating of the fuel: the higher'the latter, 

the smaller the reactions. Curves could be plotted to 
show the temperature difference ^^q-L ^ function of 

the octane rating against mixture strength and compres- 
sion; but the values of ^^(ii, = f (P) ^° uged, will 

have to be taken indiscriminately to the right and left 
of the peak or break of the curve. The method has objec- 
tions, and furthermore, despite the general validity of 
the relationship, individual fuel may exhibit reactions 
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_4ij.Erop orti onat e to their octane -values, and deviate ap- 
precia"bly from the general case. An example is afforded 
"by the three furls Nos. 3, 4 and 5, all supplied under 
the designation of 87-octane aviation spirit. Firstly, 
complete curvea were recorded for the B'uel No. 3 ■^^ ^ 
(Aviation Spirit I), Fig's. 5, 6 and 7. When the supply 
of IT 0 . 3 fuel wa=! exhausted, it was found that the further 
supplies of ostensibly the same fuel (Aviation Spirit B. 4), 
evidently had a lower octane rating, since the preliminary 
reactions were noticeahly stronger. This new fuel was 
designated Fuel No, 4 (Aviation Spirit II), and suhse- 
q_uently tested "by the J. ~ a, Farh en i ndus t r i e A, - in 
their knock-testing engine. The fuel was found to rate 
88.1-octane. Unfortunately, no reference sample of No. 3 
fuel had heen retained from the first tests, so that its 
actual octane rating was unknown. The tests with No. 4 
fuel were interrupted in the hope that yet further de- 
liveries would reproduce the properties of the eriginal 
No. 3 fuel. This third delivery, Fuel No. 5 (Aviation 
Spirit III, Table l), however, showed even weaker reac- 
tions than No. 3, - sep Fig. 0 Suhseauent teste by 
the I. - G-. Farhenindustrie "A. - G-. in the "knock-t e s t ing 
engine, showed a relatively high rating of 90.6 - octane, 
explaining the weaker preliminary reactions, hut compari- 
son of Figs. 5 and 8 indicates that the divergence in the 
results is disproportionate to the difference of a little 
more than one unit in the octane rating (to judge from the 
relative intensity of the preliminary reactions, No. 3 fuel 
must have heen between 83. 1 and 90.6 - octane, the corre- 
sponding values for Fuels Nop. 4 and 5), particularly 
when compared with Fuel No. 1 (5B-JCtane, Fig. 11) and 
No. 2 (74-octane, Fig. 12). The general connection between 
high octane-rating and weak preliminary reactions will 
therefore be considerably modified, as anticipated, by the 
specific properties of the fuel, but the relationship re- 
mains essentially true, even as between leaded and un- 
leaded fuels (Fuels Nos. 2 and 13, Fig. 12), Exceptions 
to this rule be referred to in due course. 

3 . The G-eneral Curve Profile 

Not much can be said on the interpretation of the ex- 
perimental curves, while any attempt at evaluation or pre- 
diction is at present excluded. It is only possible to 
establish the general relationships and the connection 
with previous work. 
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The increasing steepness of the curves proportionately 
to the mixture strength was in accordance with anticipa- 
tions. It is -equally ohvious that the stoichiometric mix-, 
ture ratio. has no distinct effect on the curve profile 
since a con s i d er ah 1 e excess of oxygen is always present 
in the preliminary reactions: 

The negative value of the temperature co-efficient 
visible in Fig. 7 (At(jL = f (e)) is, however, worthy of 

note. In the majority of cases after attaining its maxi- 
mum the curve falls with increasing value of e, i.e. in- 
creasing maximum charge temperature. The development is 
common to all fuels, although to a lesser degree at low 
octane ratings - see I'ig. 11; however, the ahsence of a 
temperature relationship in the oxidation of hydr ocarh ons , 
in which chain reactions play such an important part, 
would have "been remarkahle. 

A negative temperature coefficient was also found in 
other experiments on the oxidation of hydrjcarbons (part 
[4], pp. 362, 422, 430, etc.). 

The tests reproduced in Fig. 9, run at different mix- 
ture intake temperatures, also show the curves of higher 
intake temperature at first undercutting the lower curves. 
The absence of a similar development in the curves of Fig, 
10, showing tests on the influence of varying coolant 
temperature, is probably due to the fact that the mixture 
entering the cylinder at 140°'C, continues to gain or 
lose heat even after' the end of the compression stroke 
without .this further affecting the development of the pre- 
liminary reactions; but even'in this case, the ascending 
branches of the curves remain' close together. 

Recalling the considerable influence of temperature 
on the development of the preliminary reactions, and the 
influence of varying mixture ratio (Fig. 4) on the re- 
sulting compression end-temperature, it will be realized 
that the development of the curve particularly the posi- 
tion of the break with increasing mixture strength, ap- 
pears to be principally conditioned by temperature, and 

less by mixture ratio. Taking the corresponding compres- 
sion end-temperatures - for a number of spots on Fig. 5, 
from the curves in Fig. 4, and plotting them in Fig. 5, 
it will be found that the peaks of the curves indicate 
almost identical temperatures between about 385 and 405° C, 
The temperatures after the interruption of the preliminary 
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reactions, are al a 0 practically identical, at about 380° C. 
'Proceeding along a curve of c = const, towards lower mix- 
ture ratios, the temperature oTiviously increased. 

In Figs. 8, 11, 13 and 14, the corresponding compres- 
sion end-temperatures are plotted for a number of other 
fuels. It will "be seen that the maximum values are all 
of the order of 390 - 400° 0, irrespective of the type of 
fuel, and decrease only some 10 - 20° 0 after interruption 
of the preliminary reactions. The same development is 
shown in Fig. 9, where the same end temperatures are at- 
tained with varying intake temperatures. Only Fuel No. 
10, Fig. 13, shows divergent results. Even though the 
temperature-drop of 10 - 30° C appears small, the rapid 
decrease of the preliminary reactions appears to "be due 
principally to the decrease in the compression end- 
temperature; but the suddenness of the decrease at high 
compression ratios is still unexplained, while the ex- 
planation just given, is inapplicable to portions of the 
curve to the left of the peak. 

Inspection of the attained values of the compression 
end temperature, indicates that at high compression ratios 
the temperature peaks must "become displaced towards the 
right, since in a richer mixture the same end temperature 
is attained only with a higher compression ratio. The 
agreement of the peak values is SJ close that the position 
of any peak can be predicted. Simultaneously," it is now 
clear why the peak values increase directly with P, since 
in a richer mixture, a greater quantity of fuel is avail- 
able for reaction. 

4. Experiments on Different Fuels. 
Effect of Leading 

Fig. 11 shows the results obtained with Fuel No. 1, 

a 58-octane commercial "Standard petrol". As could be 
expected from the somewhat low octane-rating, the pre- 
liminary reactions develop to a considerable extent. 
Comparison with Figs. 5 and 8, representing experiments 
with approximately 87-octane fuel, Justifies the follow- 
ing conclusions, already confirmed by experiment: 

Vfith decreasing octane rating, the ascending branch 
of the curve becomes steeper and straighter, and the de- 
gree of undercutting is less. 
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The curve for e = 6.5, Fig. 11 was interrupted hy 
self-ignition of the charge at a mixture strength of 
P = 1,25. According to Fig. 4 this would correspond to 
a maximum compression end temperature t^ of 410° C. At 

this temperature, conseauently , the fuel will have an in- 
duction time of less than one-eighth crank revolution, on 
the assumption that self -igni ti on can only take place 
with the piston near the top dead-centre, hefore the mix- 
ture has hecome cooled "by expansion. Since at n = 1800 
r.p.m. a s emi -rev olut i on lasts for ahout 0,0167 sees, 
(see also Fig. 22), the induction period, assuming it to 
continue for about 45° crank-angle, will correspond to 
about 0.0042 sees. This agrees in order of magnitude 
with Teichmann's results [iV], who found an ignition lag 
of 0,005 sees for normal heptane at e = 6 and a compres- 
sion end temperature of 677° ah s , = 404° C (A = 0.8, cor- 
responding to ahout (P = 1.2). Normal heptane, having hy 
definition an octane rating of 0, is of course more highly 
reactive than the 56,4-octane Fuel No. 1. The ignition 
lag shown "by the present tests is therefore shorter than 
the theoretically-correct; but the difference can un- 
doubtedly "be explained by the fact that at the particular 
experimental paint ignition had not yet taken place, while 
the stipulation of 45° crank-angle for the induction peri- 
od is arbitrary. 

Fig, 12 shows the results for Fuel No. 2, a 74-octane 
unleaded aviation spirit of commercial type, used in the 
preparation of 87-octane fuel by leading. Similarly to 
the tests referred to above, the preliminary reactions 
are of less intensity than shown in Fig, 11, the ascend- 
ing branch is less steep, and under-cutting by the higher 
curves is less marked. The maximum temperature difference 
AtQ.-]^ reaches 75° C, Assuming the calorific value of this 

particular fuel to be 10,000 Kcal/Xg, which would cause 
15 Kg. of the mixture with a specific heat of 0.25 Kcal/ 
Kg/°C to attain a temperature of about 2650° C, the tem- 
perature rise due to the preliminary reactions corresponds 
to about Z.bfo of the total Quantity of energy in the 
charge (calculated for the stoichiometric mixture). The 
effect of the preliminary reactions is thus quite con- 
siderable. 

Fig. 12 includes curves for Fuel No. 13, prepared 
from Fuel No. 2 Tiy the addition of 1.3 cm^/litre "blue 
ethyl fluid" of the Ethy 1 -Ge s e 11 schaf t (1.3 cm ethyl 
fluid corresponds to 0.85 cm*^ tetraethyl lead). As shown 
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by the analyses of Fuels Nos. 2, 3, and 4, this quantity 
o'ffFi'esponds approximately to the addition usually made 
for the preparation of 87 - octane ■ aviation spirit from 
74 - «ctane ordinary petrol. 

Actually, a test of the resulting fuel in the I,-Cr. 
knock-testing engine, showed a. true octane numher of 
87.8,, agreeing very satisfactorily with the values for 
the series of aviation fuels of nominal 87-ootane rating. 
The curve for this Fuel No. 13 should therefore closely 
resemble -the curves for nominal 07-octane fuels at 
_e = 6,5 shown in 5'ig. 5 or I'ig. 8. On the other hand, as 
already stated above, Fuel No, 3 must have an octane- 
rating between Nos, 4 and 5, i.e. between 8P.1 and 90.6, 
or little more than the value for Fuel No. 13; while Fuel 
No, 5 has an octane-rating of 90,6, i.e. appreciably more 
than Fuel No. 13, The preliminary reactions in Fuel No. 
13 must therefore be rather greater than would correspond 
to Fig, 9 (Fuel No, 5). This is actually the case: at 
e = 6.5, Fuel No, 13 had temperature rise of At^^ = 50° 0, 

Fuel No. 3 a value of 42° C, and Fuel No, 5 a value of 
22° C. The influence of the octane rating an preliminary 
reactions is therefore auite considerable for similar 
fuels (i.e. prepared, as in the present case, by varying 
the propcrtion of tetraethyl lead, and the aromatic con- 
tent). 

Comparison of the curves for Fuel No. 13 (Fig. 12) 
with those for Fuel No. 2, s-hows that the addition of 
tetraethyl lead obviously has no material effect on the 
development of the curve. Such a diminution of tJie pre- 
liminary reactions, enabling the curve for e = 6,5 pre- 
viously interrupted by the occurrence of spon-taneous 
ignition (det onat i.on ) , to be continued over the full 
range of mixture strengths, as well as the -decreasing 
steepness of the ascending branch of the curve, were of 
course to be expected. Simultaneously the peak of the 
curve is displaced somewhat to the right. The curves for 
e = 5 show that the addition of tetraethyl lead reduces 
the magnitude of the preliminary reactions by about half. 

Experiments on the effect of leading were also car- 
ried out with standard reference fuel (called by 
the supplies: "I.-O,.?" - Fuel No. 10), which had an oc- 
tane rating of 44. S. The results of the comparative 
tests are shown in Fig. 13. The curve for the pure fuel, 
corresponding to its l*w .octane-rating, is steep and 
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rises a considera'ble distance. The temperature differ- 
ence reaches 66° C already at e = 5, and since lower 
compression ratios were impossihle, further curves could 
not he recorded. The preliminary reactions are ahr-uptly 
interrupted, without the curve forming a rounded hump, at 
a mixture strength helow 1.0; a knock-testing engine run- 
ning, as usual, on a stoichiometric .("theoretical") mix- 
ture ratio, therefore, never works within the region of 
preliminary reactions determinahle hy these means. 

Fuel Ho. 10 was then tested with the addition of 
1.35 cm^ ethyl fluid, to determine the effect of leading. 
The results with this fuel (No. 12) are included in Fig. 
13.- In surprising contrast to previous experiments, it 
Was found that leading had little or no effect; the 
shape of the ascending "branch is unchanged, and the peak 
only slightly lower. To make sure that this, unexpected 
result was not due to any peculiarity in the ethyl fluid 
used. Fuel No. 10 was treated with an equivalent (l cnr/litre) 
quantity of pure tetraethyl lead (Fuel No. ll). The re- 
sults hardly differed, however, from those for Fuel No. 
12 (Fig. 13). 

According to a reference curve plotted "by the makers, 
standard reference petrol with added 1 cm*^ tetraethyl 
lead per litre, should rate 74.5-octane. To check whether 
this rating was actually attained "by the treatment, tests 
were made hy the makers in the I.-G-, knock-testing engine. 
, The resulting values were 73.1 and 73.2 12), proving that 
the added ethyl fluid and tetraethyl lead were of proper 
quality. Since this insena i ivity of I.-G-. standard ref- 
erence petrol is in sharp contrast to the hehaviour of 
other fuels, it must "be a peculiarity of this fuel, to he 
explained hy its high paraffin content. On the other hand, 
this fuel is particularly sensitive to leading when tested 
in the knock-testing engine. This surprising result is, 
however, paralleled hy the experiments of Jost & Rttgener 
[20] on self-ignition, who found no influence of tetra- 
ethyl lead on II - heptane (paraf f ini e ) . Since the present 
experiments have, however, definitely shown an influence 
of tetraethyl lead on preliminary reactions and self- 
ignition (Fig. 12), to the extent anticipated, the ex- 
planation for the divergence in the case of standard ref- 
erence petrol must he sought in some peculiarity of fuel 
components of the paraffin series, hehaving differently 
under actual running conditions (possihly under the in- 
fluence of higher temperatures), than in e-irperiment s not 
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exactly reproducing engine working conditions. Actually, 
n. - heptane ig exceedingly sensitive to leading in regard 
to the engine octane-rating. 

The tests with ordinary commercial fuels produced 
fairly uniform results; hut it could he expected that the 
individual constituents, owing to their different chemical 
composition, would "behave differently. To ohtain informa- 
tion on this point, tests were made with pure iso-octane, 
pthyl alcohol, and "benzol, all substances with a high 
octane rating: iso-octane, "by definition, is 100-octane, 
alcohol, hy Ta'ble 1, is approximately 99,5 - octane, and 
"benzol is proha'bly ahout 108 - octane. 

In the case of "benzol, no preliminary reactions of 
the present type could he detected, however much the com- 
pression ratio was increased or the experimental conditions 
varied, hut self-ignition took place abruptly - already at 
140° 0 mixture intake temperaturp and 1800 r.p.m., for a 
ratio of e = 11. Benzol therefore hehaves similarly to 
the other fupls tested, s 1 f - igni t i ng at a high compres- 
sion ratio and cither a very weak or a very rich mixture. 

The absence of preliminary reaction in the case of 
benzol has been established also by other workers; par- 
ticularly the fact that no peroxides are produced in ben- 
zol just prior to ignition (see [21], or [47] pp. 530 and 
458 , and [38] , [24] ). 

Alcohol, on account of its high latent heat of evap- 
oration, ha=! a low mixing ratio and a high heat require- 
ment, and consequently reauired an additional 2 KW heater 
on the experimental ens^ine. It behaved similarly to ben- 
zol - no preliminary reactions could be detected prior to 
self-ignition. This re<5ult is, however, somewhat sur- 
prising. 

The results of the tests with iso-octane (Tuel No. 7), 
are represented in Fig. 14. Comparing this with the 
curves already discussed, the considerable displacement 
of the curve into the rich-mixture "region will be remarked: 
with mixtures three and a half times richer than the stoi- 
chiometrioal ratio, the temperature increment is as much 
as 45° C. The compression ratios are high, corresponding 
to the high octane-rating. The slope of the ascending 
branch of the curve is small, the ' curvature of the profile 
considerable, and undercutting very marked. The breadth 
of the peak of the curve is also remarkable. I'ig. 14 also 
shows comparative curves for experimental fuel No. 6, 



30 



NACA Technical Memorandum No, 1049 



which, is a special 100-octane fuel with 40^ aromatics, 
probably represented principally by benzol. The curve is 
plotted for a compression ratio of e = 90 and can there- 
fore be compared with the curve for iso-octane, showing a 
temperature increment of 35° C. Since both fuels have the 
same octane rating, their preliminary re-actions may be 
expected to develop similarly; actually, no such similar- 
ity is to be found, probably explained by the fact that 
the benzol constituent of Fuel No, 6 retains some of its 
specific characteristics, even in the mixture. 

5 , Influence of Engine Working Conditions or the Develop - 
ment of Preliminary Reactions 

Further experiments were made to determine the ef- 
fect on the development of the preliminary reactions, of 
variation of the originally constant engine vrorking con- 
ditions: e.g. intake and coolant temperatures, induction 
pressure, and engine speed. 

Fig. 15 showsthe relationship between the develop- 
ment of the preliminary reactions, and the pressures in 
the engine induction, for Fuel No. 2. The figures marked 
against the curves, represent over-or under-pre s sur e in 
the induction pipe in terms of mm. water. It will be 
seen that the effect is the same as that of varying the 
compression ratio. The curves also show undercutting. 
The effect is, however, less with over-pressure than with 
under-pres sure ; this can be partially explained by a si- 
multaneous change in the scavenging conditions. For the 
general case, however, variation of the induction pres- 
sure undoubtedly affects the development of t)r el im.inary 
rr-actions in the charge to a material degree. This con- 
clusion, however, appears to contradict Teichmann's ob- 
servation [l7], that the effect of 1 at gauge on pre- 
ignition of n. - heptane was inconsiderable. 

Jig. 10 shows the effect of varying coolant tem.pera- 
ture , corresponding to the temperature of the cylinder 
wall. As expected, the preliminary reactions increase 
with the coolant temperature. The curves are particularly 
explicit in regard to the very great influence of the en- 
gine working temperature, and the consequent relationship 
between the occurrence of detonation and the temperatures 
of cylinder and piston. 
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Jig, 16 shows the influence of variable engine speed. 
It might have "been expected that reducing the r.p.m. , i.e. 
increasing the time -availaljle for reaction, would cause 
an increase in thp temperature difference, hut the extent 
to v/hich this takes place is somewhat surprising. Reduc- 
ing the r.p.m. ty one-sixth already increases the tempera- 
ture rise from 22° to 38°, i.e. "by more than two-thirds. 
Already the curve for one-third reduction in r.p.m. (1200 
instead of 1800 r.p.m.) could not Tse completed, since. self 
ignition set in. Increasing the engine speed ther.efore 
0 ons iderahly reduces- the preliminary reactions in the cyl- 
inder. It will he noted that this is also accompanied hy 
a displacement, of the peak value of the curve, hut not by 
any undercutting. 

The heat losses during the compression stroke counter 
act these influences. At higher engine speeds less heat 
is transmitted to the cylinder walls and the temperature 
of the charge consequently rises. If the temperature in- 
fluence were to predominate over thp time factor, the 
curves for higher r.p.m. should lie ahove those for lower 
r.p.m., contrary to ohserved. 

i'ig. 17 shows the very appreciable influence of the 
general engine working conditions on the development of 
the preliminary reactions, comparing the standard curve 
for Fuel Ho. 5 (n = 1800 r.p.m., = 140° C, t^^ = 

140° C) with curves for simultaneously varying engine 
speed, coolant temperature and mi-x^ture intake temperature. 
Small variations in thepe factors, have disproportionately 
great effect on the preliminary reaction<3; and the region 
of measurable reactions consequently requTre^ carsful de- 
termination. It is- true that the experiments hitherto 
made do not indicate whether the same reactions will be 
measurable at considerably reduced temperatures and cor- 
respondingly higher compression ratios. 

Pig. 9 shows the influence of mixture intake tem- 
perature for the case of Fuel No. 5. As anticipated, 
this influence is quite considerable and would be still 
greater in the absence of heat transfer to the cylinder 
wall, i.e. compensation of the difference between the mix- 
ture iijtake temperature and the cylinder wall temperature. 
The undercutting of the curves, corresponding to" a nega- 
tive temperature coefficient, is sharply defined." Here 
again, the curve peaks are displaced, evidently .for the 
same reason as in the case of increasing compression 



32 



NAOA Technical Memorandum ilo, 1049 



ratio; i.e. the same compression end- 1 emperature • r e sul t s 
from a greater temperature-increment (compared with stand- 
are tQ.g and e ) in a richer mixture. 

Fuel No. 5 was also tested for the influence of var- 
ialjle oxygen content of the mixture; the results are shown 
hy the dotted curve in Fig. 8. In the first test, the 
normal oxygen content of the induction air was douhled, 
i.e. increased to 46/^ hy v'eight. The resulting detona- 
tions were so powerful that the oxygen supply had to lie 
promptly cut down to an excess of 14.5^ "by weight; the 
total oxygen content of the mixture, neglecting any oxygen 
in the fuel, was conseauently reduced to 37.6^ hy weight. 
The peak of the measured curve v;as then at 3S^ instead of 
23° C, at the same compression ratio of e = 6'.5. The in- 
crease in the peak value was consequently 50^, for an 

37.6 - 23. "l . 

excess oxygen content of — — .100 = 6Zp 

2c , 1 

The nitrogen content of the comhustion air conse- 
quently does not appear to have any perceptible influ- 
ence on the development of the preliminary reactions. 

This was, as a matter of fact, the only test in which 
the peak value rose without a simultaneous displacement 
along the ah-^cissa. The mixture strength p is referred 
to the actual oxygen content of the mixture, 

6. Indicator Diagrams 



Tor som.e tests, the development of the preliminary 
reactions was recorded hy means of indicator diagrams. 
The indicator gauge wa« a G-ohlcke-LFA quartz piezometer 
working the loop of a Siemens oscillograph through an 
amplifier. The time marks were spaced 1/500 sec., and 
the top dead centre separately registered on the diagram 
"by means of an interrupter working on a third loop. The 
loop was deflected at 30° crank-angle hefore T.D.C, 

The indicator diagrams are reproduced in Figs. 18-21; 
of these, Figs. 18 and 19 represent the 74-octane. Fuel 
Uo. 2 without the addition of tetraethyl lead, - Fig. 18 
at € = 5,5 and 900 r.p.m., ^ig, 19 at e = 6.5 and 
1800 r.p.m. A direct influence of the r.p.m. value, i.e. 
of time, on the development of the diagram v/as not ob- 
served. It might he expected that at lower speeds the 
hump visible on the line will move closer to T.D.C, 
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Fig. 18 shows a perpendicular line drawn through the 
position of T.D.C., representing the axis of symmetry in 
the ahsence of preliminary reactions, and clearly demon- 
strating their oonsiderahle development. 

The most interesting indication afforded by "th* dia- 
gram, is that the development of the reactions differs in 
succeeding working cycles of the engine. Usually, detect- 
able preliminary reactions take place on ahout every sec- 
ond working stroke. Fig, 19 shows that in two cases 
there have ohviously "been no preliminary reactions, while 
in one case they have apparently developed only half-way 
through the piston stroke. 

This divergent behaviour can be explained with com- 
parative ease by the assumption that the (presumably 
small) number of reactive particles remaining in the 
residual charge in the cylinder, varies in successive 
strokes of the piston, and therefore variably affects the 
development of the preliminary reactions in the ensuing 
engine cycle. It is of interest to note that consequently, 
a temperature rise of 75° C in the cylinder charge, such 
as has been observed in certain cases, takes place within 
about half the v/orking stroke - i.e., during a working 
stroke accompanied by considerable preliminary reactions, 
the temperature within the cylinder may rise by about 
150° C - without leading to self-ignition. 

The diagrams agree generally in showing the energy 
transformation of the preliminary reactions as occurring 
immediately past T.D.G,, i.e. when the compression tem- 
perature is at its maximum. This again points to the 
experimentally-proved fact that the preliminary reactions 
are intimately bound up with the temperature development 
in the charge. On the other hand, since the reactions are 
interrupted by the expansion of the charge, the energy- 
transformation will not develop to the full extent as 
soon as the effective temperature is attained; but an in- 
crease in the time spent by the charge in the cylinder 
will immediately lead to very rapid ignition. The reac- 
tions are thus easily controlled by the engine speed and 
the compression ratio - i.e. temperature - and the possi- 
bility of self-ignition therefore appears excluded. "Back 
firing" of this type was not observed in any of the tests. 

Fig. 20 shows the diagrams for Fuel Ko. 13, i.e. the 
same fuel as in Figs. 18 and 19, but after the addition 
of tetraethyl lead. It will be observed that the charac- 
teristic humps have entirely disappeared, and the transi- 
tion between the compression and expansion lines is a 
smooth curve. 
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Correspondingly, the indicator diagram reproduced in 
Tig. 31 for Fuel Ho. 3, treated with tetraethyl lead, 
also shows no humps, although the measured tem'perature 
peak rose to 59° C, While all untreated fuels show a 
small, rounded, continuously-wavering peak to the right 
of T.L.C, clearly apparent on the indicator screen for 
fuels treated with tetraethyl lead the curve is almost 
completely smooth and steady, with only slight irregular- 
ity in the expansion line. This difference in "behaviour 
was always clearly visihle on the indicator screen. How- 
■ever , this difference in the "behaviour of leaded and un- 
leaded fuels can "be "balanced "by adjusting the temperature- 
pressure relationship to produce an identical temperature 
increment. Thus, in the test shown on Fig. 20, AtQ.j^ = 

50° C Was o"btained with p = 1.4, which agrees well with 
the curve shown in Fig. 13. 

This specific effect of the addition of tetraethyl 
lead is detecta'ble solely from the indicator diagram. In 
other respects, the "behaviour of leaded fuels at corre^- 
sponding (usually higher) compression ratios, usually did 
not differ, particularly with respect to the value of the 
temperature-rise and the possi"bility of self-ignition, 
from the "behaviour of untreated fuels. 

The leaded fuels must o'bviously have a higher expan- 
sion line in the indicator diagram: a development in the 
opposite direction is impossible, since the pressure in a 
constant volume of gas increased only with temperature. 
Unfortunately, the accuracy of the indicator diagrams and 
the position of the dead-centre markings was insufficient 
to enahle the extent of the pressure-rise to "be numeri- 
cally evaluated. 

However, it proved possi"ble to make a numerical eval- 
uation of the pressure and temperature development, neg- 
lecting the heat losses, for the indicator diagram Fig, 
19, at P = 1.60, e = 6.5, and the usual value-timing 
(i.e. with ^o)) ' The results are shown in Fig. 22. It 
will "be seen that the temperature rapidly attains the maxi 
mum, and sinks likewisp very quickly. In any case, the 
maximum temperature persists over only ahout 15° crank- 
angle or, at 1800 r.p.m. and using the time scale on the 
figure, for a"bout 1.2'<10"3 sec. - with an approximation 
sufficiently accurate in the case of chemical reactions. 
It can therefore "be assumed that reactions "beginning "be- 
fore T.D.O. are negligi'blp. 
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jPig. 23 shows the third indicator curve of Pig, 19 
replotted as' a pressure-path curve, shoving that the 
pressure-rise caused by the preliminary reactions is. 
quite considera'bl e , even Tsy this method of representa- 
tion,' adopted, shows with particular clarity that the 
pressure peak does not occur appreciably after T.D.C, as 
would he the case for pronounced ignition lag in the 
engine. 

7. Torque Measur ements 

These indicator diagrams explain why the development 
of perceptible energy in the running engine can "be meas- 
ured on the diminution of the motoring torque required "by 
the engine. Denoting the difference in toraue between 
running on pure air and running on mixture, by AMd, it 
will be found that this difference is usually approxi- 
mately proportional to the measured temperature difference 
^*G-L* -^ig* 24 shows the torque difference (expressed in 

Kg weight applied to the lever arm of the swinging field 
brake) for the conditions represented by Tig. 5. For 
e = 6.5 the ordinate scale is likewise graduated for the 
absolute torque value Md , this graduation being strictly 
correct only for this particular value of c = 6.5, 

Comparing ^'igs. 34 and 5, it will be seen that the 
curve of the toraue difference is practically the inverse 
of the curve of the temperature difference; the torque 
minimum, in particular, is at the same point as the tem- 
erature maximum. It is worthy of mention that Peletier 
lO] plotted such a curve of torque variation for a con- 
stant compression ratio and a single fuel, but these re- 
sults are not decisive for the general case, 

8« Chemical Anal ysis, Luminescence 

In one experiment (with Fuel Wo. 3) a portion of the 
exhaust gases was drawn off and led through traps cooled 
by liquid air. Tlie chemical analysis of the mixture thus 
collected, was performed by G-. DamkShler and W. Egge r sgliis s , 
and gave the following results: Per mol of fuel (reduced 
to n - heptane) - abt 0.141 mol aldehydes, 0.024 mol 
acids, 0.05 mol alcohols, 0.001 mol peroxides, 0,045 mol 
carbon dioxide, and 1.1 mol water. 0.084 mol of the 
aldehydes was in the form of formaldehyde, A more de- 
tailed report on this analysis will be found In [25] . 
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In all the tests, the characteristic, penetrating 
odour of the exhaust was observed; the exhaust pipe 
speedily 'becair.e coated internally with a "brown, oily 
deposit, v/hich did not, however, appear to consist en- 
tirely of lubricating oil. Th,e possibility of the latt-er 
directly affecting development of the preliminary reac- 
tions, on the assumption of greater reactivity of the 
lubricating oil compared with the fuel, was investigated 
by running tests with a deficiency and a considerable 
excess of lubricant; but without establishing the pres- 
ence of any such influence. 

Luminescence of the charge was observed through the 
quartz window fitted in the engine cylinder, on only one 
occasi on. 

In this solitary case, a special fuel was being used, 
normally employed as a starting (pilot injection) fuel 
for Diesel engines ' , with an octane rating well below 
zero. At e = 5.0, intake temperature tQ.g = 110 C 
and a very considerable development of the preliminary 
reactions, faint, bluish luminescence was observed in the 
cylinder, of the type already noticed by Peletier [lO]. 
Simultaneously, the exhaust had a particularly penetrat- 
ing odour, 

IV Conclusions from the Engine Tests 



The investigation was intended to obtain an insight 
into the development of preliminary reactions in an Otto- 
oycle (spark-ignition) engine, with particular reference 
to the relationship between them and the mixture ratio 
and engine working conditions. The range of the experi- 
ments was, however, incomplete, lacking in particular, 
reference tests at low intake temperature and correspond- 
ingly increased compression ratio, as well further 
tests with different fuels. ?or the first object, it 
would appear necessary to extend the experiments to low- 
octane fuels, following the line indicated by the results 
obtained with the p i 1 o t -i gni t i o n (accelerator) fuel men- 
tioned in the preceding chapter. 

Furthermore, it would be of interest to extend the 
experiments to fuels of particularly high chemical purity, 
as the only means of obtaining completely accurate refer- 
ence values. In fact, determination of the individual 
influence of aromatics, defines, paraffins, would only 
be possible by this means. 
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In general, there are still many fields of applica- 
tion still Open to this method- of research; although ma- 
terials o~f the requisite purity may he expensive and dif- 
ficult to obtain in the quantities? necessary for a com- 
plete engine test - ahout 20 litres per curve recorded, 
or 150 litres for a complete series. An engine of par- 
ticularly reduced dimensions should therefore "be made 
available for such experiments, 

Repearch should concentrate now principally on chem- 
ical analysis of the reaction products of simple fuels: 
for which purpose this particular experimental technique 
is preferable to the use ef explosion homhs, since the 
oxidation products can he cumulatively concentrated. The 
methods of analysis, however, must he of the highest ac- 
curacy . 

Originally, although only a^; a secondary objective, 
it was intended to use this method for determining the 
octane rating of engine fuels. This will "be difficult, 
however, owing to the very divergent behaviour of certain 
fuels, which would appear to be due to the behaviour of 
their define and paraffin constituents. On the other 
hand, these experiments have shown the very close rela- 
tionship between the temperature increment of the mixture 
charge and the octane rating of the fuel; particularly in 
the case of low-octane fuels and in some aviation fuels 
where relatively small variations in the octane number 
have produced disproportionate effects on the temperature 
movement. Consequently, the possibility of eventually 
applying this method to the determination of fuel octane- 
rating is by no means excluded, provided standard working 
conditions (which would have to be formulated) are rigor- 
ously maintained. The method would then be even more 
suitable than the use of the knock-testing engine, since 
the bouncing-pin indicator, always a fertile source of 
errors, will be eliminated and the octane rating obtained 
essentially by direct temperature measurement, only. If 
disturbing influences can be controlled or avoided, the 
method should prove highly accurate. 

V, Summary 

The description of. an experimental method for inves- 
tigating the preliminary reactions occurring in the work- 
ing cylinder of an Otto-cyole, spark-ignition engine in 
which the combustible mixture is induced into a motored 
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experimental engine. The reactions taking place in the 
charge in the absence of ignition, are found to produce a 
measurable temperature rise in addition to subcidiary ef- 
fects. The temperature increment is found to depend 
greatly on the mixture ratio, fuel properties - particu- 
larly the octane rating - and the working conditions in 
the engine, notably the temperature development in the 
cylinder. The results are reproduced in thp form of 
curves, and the further possibilities of the method dis- 
cussed in detail. 
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Footnotes '• - 



1) Cf. e.g. Ph7/sical -5: Chemical Phenomena in Sngine 

Gomhus t i on . Papers and Discussion^ at the 5th 
G-eneral Meeting of the German Academy for Aero- 
nautical Re=;f?arch, 10-11 May 1939. Puh . Schriften 
der deutschen Akademie der Luf t'f ahr t f or schun g , no. 9. 

2) Figures in sauate hrackets refer to the "bibliography 

at the end of the paper. 

3) Mixture Strength = ratio of actual quantity 01 fuel 

to the quantity reauired for s.t oichi ometri c combus- 
tion. 

4) Cf. Pigs. 18-21 in this paper. 

5) For one exception see Chap. Ill e.8. 

6) The actual compression ratio according to Table 2 was 

applied in the calculation, but the usual coeffi- 
cient entered on the diagram. 
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7) The fuel numlDers correspond to Ta"ble 1. 

8) The figures accompanying the curves (Temperatures in. 

°0) will "be discussed presently^ 

9) Fig. 6 includes the measured spots, omitted in Fig. 

5 for the sake of clarity. 

10) The numbering of the fuels refers t.o Table 1, The 

three grades of aviation spirit are also denoted by 
I, II, III, in the order of their use. 

11) The dotted curves in I'ig, 8 represent tests with ex- 

cess of oxygen - see Chap, III, e.5. The figures 
on these curves are temperatures in °C. See suc- 
ceeding chapter. 

12) As a matter of fact, the curve for fuel No. 12 with 

an octane rating 0,1 higher than No. 11, is by the 
obvious amount of 4*^ C higher. 

13) Predominantly paraffinic with 1 cng , ■ unbranched chains, 

14) I.e. 30° C less than i r. the other tests. 



Translation by L. T. G-oodlet, 

Issued by the Ministry of 
Aircraft Production, London. 
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(Footnotes) . 

1) 1 cra'^ P6(C2Ho)4 are contained in — i — cm-^ = 0.555 cm"^ ethyl fluid. 

1 • 53 

2) According to I.-G. Curve Tpr3.883a. 

3) 1.3 cm3 ethyl fluid contain 0.85 cm2 pb (02115)4. This is the usual percentage for 

aviation spirit. 

4) According to W. Jost.- Detonation and combustion in Gases , Berlin 1939, p. 550. 

5) Extrapolated from data of the I.-G. 

6) Information supplied by the I.-G. 

7) For technically-pure benzole (with admixture of tolnol) . 

8) Tested in the I.-G. engine. 
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Figs. 1, 




(a) Blank plug 

(b) Quartz observation window 

(c) Quartz piezometer gauge 



Figure 1.- Cylinder bead of. tbe experimental engine. 




Figure 2.- Experimental arrangement; for notation 
see text. 




Figure 3.- Finned tbermometer cup for mercury 
thermometer. 
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Figs. 4, 5 




Figure 4.- Corapresaion "^.nd-Temperature , ty, at 

140° initial temperature against mix- 



ture strength 3 for e - 5.0 to 10.0. True comr- 
presaion ratio - see text. 




8 3 

Figure 5.- Behaviour of ?uel lVo.3 (A.viatlon Spirit, rated S7-octane) . 

(octane rating 87) 
- A-toL - f (S) 

n = 1800 rpm 

t^^. = 140° C 

tK - 140°C 
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Figs. 6,7 




Pifoire fi.- B«shaviour of Fuel Mo. 3; Extended 

diagram. Tho curves are parallely 
displaced upwards for clarity of representa- 
tion; actually they are conimenced at the co- 
ordinate origin. 




Figure 7.- Behaviour of Fuel Ho. 3. 

Replotted from Fig, 5. 
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Figs. 8,9,10 
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Figure 8.- Behaviour 

of Fuel 
Ho. 5. (octane ratine 
90.fi) 

AtoL = f (S) 

n = 1800 rpm 

t(je = 1400C 

tg = 140''C 




Figure 9,- Behaviour 

of Fuel 
No. 5. with variable 
mixture intake temp- 
erature, (octane rating 
90.6) 
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Figure 10.- Behaviour of Fuel No. 5 

with variable coolant 
temperature, (octane rating 90.6) 
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Figs. 11,13 
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Jigure 11.- Behaviour of Fuel ITo.l. 

(Octane rating 56.4) 
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Figure 12.- Behaviour of Fuel 2. (72-octane rating), 

for e = 6.5^ and € = 5^ - Fuel UTo.lS 
(87,8 - octane rating) prepared from Fuel Ho. 2 "by 
the addition of 1.3 cm^ ethyl fluid peu litre. 
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Pigs. 13,14 
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ffigure 13.- Behaviour of Tuel No. 10 (44-6 octane 

rating, I.G-. standard reference petrol)! 
and Fuel No. 10 with the addition of tetraethyl lead 
(Fuel Ho. 11, 73.1 octane, and No. 12, 73.2 octane). 
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Figure 14.- Behaviour of Fuel No.? (iso-octane), for 
e = 9^ - special 100 octane fuel (No. 6). 
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Pigs. 15,15,17 















































































= /->w/+530 mm 


















='-^+305 " 1 












A 










































r 




























































































43( 


D mm 




0 






































h 




Dm 






























:-\ 






























-4- 













































Figure 15.- Relation- 
ship of the 
preliminary reactions to 
the pre s store in the in- 
take pipe (Fael No. 2) 
^ein ~ negative pressure 
in the intake pipe, mm 
water, (octane rating 72) 
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Figure 16.- Influence of 
engine speed 
on preliminary reactions 
(Fuel No, 5) . (octane rating 
90.6) 

At(jL = f (9) 
e = 6.5 
t(je = 140°C 
tg = 140°C 




a: 
"b! 
c: 
d: 
e: 



Figure 17.- Influence of 
engine work- 
ing conditions on prslim- 
inary reactions ^Fuel No. 5) 
(octane rating 90.6) 
AtGL = f (6) 
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Figs. 18,19 




f 

I 



Engine speed - n = 900 rpm 
Compression ratio - c = 5.5 
Mixture strength - p = 1.0 
At^L = 27 °C 

Figure 18.- Pressure-time diagram for fuel No. 2 (unleaded, 
72-octane rating). 

In one diagram a perpendicular has been erected through the 
T.D.C. and the mirror image of the compression line plotted 
next to the expansion line, to show the effect of the 
preliminary reactions on the pressure-rise. 




A k A„ A A__Jk .A A A A ^tK*^.Ul4ii, 

Engine speed - n = 1800 rpm 
Compression ratio - e = 6.5 
Mixture strength - p =1.59 
At^T = 50.5 °0 



Figure 19.- Pressure-time diagram for fuel N0..2 (unleaded). 
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Engine speed - n 1800 rpm 
Compression ratio - £ = 6.5 
Mixture strength - p = 1.4 
AtQL = 50 °C 



Figure 20.- Pressure-time diagram for fuel No. 13 (prepared 
from fuel No. 2 by leading). 




Engine speed - n 900 rpm 
Compression ratio - c = 7.5 
Mixture strength - p = 1.93 

^*G1 " °° 

Figure 21.- Pressure-time diagram for fuel No. 3 (leaded). 

Owing to the leading, the characteristic peaks in the expansion 
line in Figs. 18 and 19, will be noted to nave disappeared in 
the two figures above. 
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Figs. 22,23 
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Figure 22.- Pressure and temperature curves for the diagram Fig. 19 (third 
diagram from the right) calculated for n - 1800 rpm. Pressure- 
time, temperature-time, and valve-fixing diagrams, see text. 
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Figure 23.- Pressure-path diagram for the above. 



I 



HACA Technical MemorandLum Ho 1049 



Fig. 24 




0 1.0 2.0 e 3.0 



Figure 24.- Free torque curves (M^) against B, for Fig. 5. 

Fuel TSo. 3. (octane rating 87) 
Ma = f (9) 
n = 1800 rpm 
t^e = 140O C 
= 1400 C 



